Abstract. Endothelial progenitor cells (EPCs) which circulate in the peripheral blood and reside in blood vessels are proven to promote the repair of damaged endothelium and improve the function of endothelial cells after vascular injury. Recently, EPCs have been extensively studied as risk biomarkers and a potential therapeutic tool for cardiovascular disease. It is known that oxidative stress is one of the most important pathogenetic factors impairing endothelial function. During the repair process after endothelial injury, EPCs are exposed to oxidative stress. In this study, we treated endothelial colonyforming cells (ECFCs) with hydrogen peroxide (H 2 O 2 ) as an oxidative stress model and observed the changes in cytology and morphology of ECFCs. In addition, we investigated the alterations in oxidative levels of proteins associated with H 2 O 2 -induced morphological and cytological changes in ECFCs by proteomic analysis of oxidative modification. The results showed that H 2 O 2 treatment led to a decreased proliferation, increased apoptosis and impaired tube-forming ability of ECFCs in a dose-dependent manner. Five proteins with upregulated oxidative levels were identified successfully. The upregulated oxidative levels of these five proteins may be responsible for the dysfunction of ECFCs under oxidative stress. Our results may provide some novel insights into the molecular mechanisms of oxidative stress action on ECFCs.
Introduction
The endothelium plays an important role in maintaining vascular tone and structure. The damage and dysfunction of endothelial cells are thought to trigger and accelerate the development of atherosclerosis (1, 2) . Patients with endothelial dysfunction are also prone to cardiovascular events (3). Before Asahara et al (4) proposed the term of endothelial progenitor cells (EPCs), the adjacent endothelial cells were considered to be responsible for repairing the damaged endothelium. However, accumulating evidence indicates that EPCs are able to promote the repair of the damaged endothelium and improve the function of endothelial cells after vascular injury (5) (6) (7) .
EPCs, which circulate in the peripheral blood and reside in blood vessels, have been demonstrated in both animal models and clinical trails to contribute to neovascularization, vascular repair and to attenuate atherosclerosis progression (8) (9) (10) (11) . Recently, EPCs have been extensively studied as risk biomarkers and a potential therapeutic tool for cardiovascular disease. Patients with vascular diseases, including stroke, coronary artery disease, hypertension and diabetes, have been shown to exhibit a reduced number and dysfunction of EPCs (11, 12) . Improvement of endothelial function by reversal of EPC dysfunction may be a novel approach for restraining vascular diseases (13) . Oxidative stress is one of the most important pathogenetic factors which impairs the endothelial function. Increasing generation of free radicals (reactive oxygen species, ROS) is the main characteristic of oxidative stress. ROS have been proven to exert a direct cytotoxic effect on the vascular endothelium (14) . During the repair process after endothelial injury, EPCs are exposed to oxidative stress. Though some studies have suggested that the EPCs may be resistant to oxidative stress (15, 16) , their results were considered to have limitations because the cell population used were mixed with macrophages and monocytes, which are known to be resistant to oxidative stress (17) .
To overcome this problem, we used the endothelial colonyforming cells (ECFCs) for proteomics analysis. ECFCs are one of the subpopulations of EPCs and they do not express hematopoietic or monocyte/macrophage cell surface antigens. ECFCs have been shown to possess all the characteristics of true endothelial progenitor cells (18, 19) . In this study, we treated the ECFCs with hydrogen peroxide (H 2 O 2 ) as an oxidative stress model and observed the changes in cytology and morphology of ECFCs. Then we investigated the variation in oxidative levels of proteins behind these changes by proteomics analysis of oxidative modification and discussed the roles of relevant proteins involved in the mechanisms of H 2 O 2 -induced oxidative stress on ECFCs.
Materials and methods
Cell culture. ECFCs (Lonza Walkersville, Inc., Walkersville, MD, USA) were resuspended in complete EGM-2 medium (Lonza Walkersville, Inc.), plated onto 75-cm tissue culture flasks precoated with type I rat tail collagen (BD Biosciences, Bedford, MA, USA) and incubated at 37˚C with in 5% CO 2 and 90% humidity. ECFCs monolayers were passaged after becoming 70-80% confluent.
ECFCs proliferation assay. Proliferation of ECFC was measured by the 3-(4,5-dimethylthiazole-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay. Cells were cultured in plate with various concentrations of H 2 O 2 . After being treated for 3 h, 10 µl of MTT (5 mg/ml) was added to each well and the plates were incubated for 4 h at 37˚C in 5% CO 2 . Then the culture medium was removed and the blue formazan of each well was dissolved with 200 µl dimethyl sulfoxide (DMSO). The OD value was measured at 490 nm using a microplate reader (Bio-Rad Model 550, Redmond, WA, USA).
Acridine orange/ethidium bromide (AO/EB) double staining.
ECFCs were seeded into 96-well plates for 24 h. Subsequently, they were treated with H 2 O 2 or PBS for 3 h at 37˚C in 5% CO 2 followed by AO/EB double staining as previously described (20) . The cells were examined under a fluorescence microscope at x200 magnification with a 470/40 nm excitation filter (Olympus, Japan) and took photographs. Cells with condensed, fragmented nuclei were scored as apoptotic. In each experiment, at least 300 cells from several random fields were counted and the percentage of apoptotic cells was calculated as the number of apoptotic cells/300 x 100%. The experiment was repeated three times.
Tube formation assay. After treatment with H 2 O 2 or PBS for 3 h, the ECFCs were trypsinized and seeded at 15,000 cells/well onto 96-well plates coated with 50 µl growth factor-reduced Matrigel (BD Biosciences). At 24 h, the enclosed networks of complete tubes were counted and images were collected using an Olympus inverted microscope (Olympus). The number of closed network units and tubular length of the cell were measured using the Image-Pro Plus software. Each experiment was performed in triplicate.
Protein sample preparation. After treatment, ECFCs were collected and washed with sucrose buffer (10 mM Tris, 250 mM sucrose, pH 8.8). The total protein was extracted in lysis buffer containing 7 M urea, 2 M thiourea, 4% CHAPS, 30 mM Tris, 1% protease inhibitor and 1% nuclease mix. After centrifuging the homogenate at 25,000 x g for 30 min, the supernatant was collected. According to the manufacturer's instructions, the protein samples were cleaned and quantified with the clean-up kit and the 2D-Quant kit (Amersham Biosciences-GE Healthcare, Uppsala, Sweden), respectively.
2D-gel electrophoresis of DNP-derivatization, western
blotting and image analysis. The 2D-gel electrophoresis of 2,4-dinitrophenylhydrazine (DNP)-derivatization and western blotting were performed using protocols described previously with minor modifications (21) . Briefly, the sample was pooled and then rehydration buffer (7 M urea, 2 M thiourea, 2% CHAPS, 0.4% IPG buffer, 0.28% DTT and 0.4% bromophenol blue) were added to obtain a final volume of 250 ml. Next, isoelectric focusing (IEF) was conducted using an IPGphor (Amersham) with 13 cm pH 4.0-7.0 IPG gel strips at 20˚C. IEF parameters were 6 h at 0 V for rehydration, 6 h at 30 V for rehydration, 1 h at 500 V, 1 h at 1,000 V, 1 h at 8,000 V and 7 h at 8,000 V. Following sample rehydration and IEF, the IPG strips were placed in 15 ml test tubes and incubated in 2N HCl with 20 mM DNP at 25˚C for 20 min. After the reaction, the samples were washed with 2M Tris-base/30% glycerol for 15 min. After equilibration and alkylation of strips, the second dimension was performed in a Hoefer SE600 Ruby (Amersham) using 10 mA/gel for 1 h and 25 mA/gel for 4 h. The gel running was stopped when the bromophenol blue front reached the bottom of the gel. Then the proteins in the gel were electroblotted to PVDF using the Bio-Rad semi-dry transfer system.
The PVDF membranes were removed from the Bio-Rad semi-dry transfer system and incubated for 1 h with 3% BSA (w/v) dissolved in TBS and Tween-20 (0.1%). The membranes were washed three times for 15 min each in TBS-Tween-20. Membranes were incubated overnight at 4˚C with anti-DNP primary antibody (Molecular Probes, Eugene, OR, USA) at 1:200 dilution. After three washes (15 min/each) with TBS-Tween-20 solution, the membranes were incubated for 1 h at 4˚C with the goat anti-rabbit Cy5-linked secondary antibody (Sigma, St. Louis, MO, USA) at a 1:5,000 dilution. Then the membranes were washed 3 times (15 min/each) in TBS-Tween-20 solution. The membranes were scanned with a Typhoon 9400 laser scanner (Amersham) at a resolution of 100 mm. The images of membranes were analyzed using 2D-Evolution Analysis software (Amersham) according to the protocols provided by the manufacturer.
MALDI-TOF/TOF MS and protein identification.
Another two preparative gels of the control and H 2 O 2 -treated groups were made with 600 µg protein using the same methods and conditions as described above, followed by staining with PhastGel Blue. Spots of interest that were excised from preparative gels were treated with the Ettan Spot Picker (Amersham Biosciences-GE Healthcare) for further identification.
Protein spots which were excised from the preparative gels and destained with 100 mM NH 4 HCO 3 in 30% acetonitrile (ACN). After removing the destaining buffer, the gel pieces were lyophilized and rehydrated in 30 µl of 50 mM NH 4 HCO 3 containing 50 ng trypsin (sequencing grade; Promega, Madison, WI, USA). After overnight digestion at 37˚C, the peptides were extracted three times with 0.1% trifluoroacetic acid in 60% ACN. Extracts were pooled together and lyophilized. The resulting lyophilized tryptic peptides were kept at -80˚C until mass spectrometric analysis. A protein-free gel piece was treated as above and used for a control to identify autoproteolysis products derived from trypsin.
MS and MS/MS spectra were obtained using the ABI 4800 Proteomics Analyzer MALDI TOF/TOF (Applied Biosystems, Foster City, CA, USA) operating in a result-dependent acquisition mode. Peptide mass maps were acquired in positive ion reflector mode (20 kV accelerating voltage) with 1,000 laser shots/spectrum. Monoisotopic peak masses were automatically determined within the mass range 800-4,000 Da with a signal to noise ratio minimum set to 10 and a local noise window width of m/z 250. Up to 10 of the most intense ions with a minimum signal to noise ratio >50 were selected as precursors for the MS/MS acquisition, excluding common trypsin autolysis peaks and matrix ion signals. In the MS/MS positive ion mode, spectra were averaged, collision energy was 2 kV, and default calibration was set. Monoisotopic peak masses were automatically determined with a signal to noise ratio minimum set to 5 and a local noise window width of m/z 250. The MS together with MS/MS spectra were searched against the UniprotKB/SwissProt database (SwissProt 56.9) using the software GPS Explorer, version 3.6 (Applied Biosystems) and MASCOT version 2.1 (Matrix Science) with the following parameter settings: trypsin cleavage, one missed cleavage allowed, carbamidomethylation set as fixed modification, oxidation of methionines allowed as variable modification, peptide mass tolerance set to 100 ppm, fragment tolerance set to ± 0.3 Da and minimum ion score confidence interval for MS/MS data set to 95%.
Statistical analysis. Data are expressed in means ± standard deviation (SD) and analyzed with SPSS 17.0 statistical software. Differences between groups were tested with an independent-sample t-test. A P-value <0.05 was considered to denote statistical significant differences.
Results

H 2 O 2 inhibits proliferation and increases apoptosis in ECFCs.
The MTT assay demonstrated that H 2 O 2 treatment led to a decreased proliferation of ECFCs in a dose-dependent manner. The cell survival rates were 90.57±6.40, 85.06±6.00 and 79.96±3.79% when cells were treated with H 2 O 2 at concentrations of 100, 200 and 300 µM, respectively (Fig. 1A) . AO/EB double staining is one of most reliable method for determining cell apoptosis. It makes possible to perform high-quality studies of cell morphology and to distinguish viable from early and late stage apoptotic (20) . The result of AO/EB double fluorescent staining showed that the apoptosis of ECFCs induced by H 2 O 2 treatment was dose-dependent (Fig. 1B) . The cell apoptotic rates were 1.33, 8.67, 12.33 and 20.00% when ECFCs were treated with H 2 O 2 at concentrations of 0, 100, 200 and 300 µM, respectively.
Oxidant stress impairs the tube-forming ability of ECFCs.
Capability of tube-forming is the most important property of ECFCs and network formation using Matrigel is a simple and reliable method in vitro. To test the effect of H 2 O 2 on the tube forming ability of ECFCs, we used Matrigel assays with an observation time point of 24 h. (Fig. 2A) . Compared with the group untreated by H 2 O 2 , the groups pretreated with H 2 O 2 for 3 h exhibited significant reduction in number of closed network units and total tubular length. (Fig. 2B and C) . Moreover, there was no closed network unit forming at the 300 µM H 2 O 2 concentration. These data imply that the capability of forming tubules of ECFCs diminishes due to the oxidative stress.
Analysis of oxidative levels of proteins and identification of proteins.
Oxidative modification of proteins induced by reactive oxygen species is the formation of protein carbonyls which can react with DNP. So the oxidative levels of ECFCs proteins can be measured by detecting the content of DNP, which can be obtained by determining the intensity of fluorescence linked to the secondary antibody on the membranes. After analysis by 2D-Evolution software, protein spots which have at least triple differences in oxidative levels on different membranes were considered for further quantitative analysis. According to the statistics, 8 protein spots were found to have differentially expressed oxidative levels, of which 5 were increased and 3 decreased (Fig. 3) .
Protein spots used for MALDI TOF/TOF mass spectrometry analysis were excised from 2D-gels obtained with non-DNPtreated samples (Fig. 4) . The peptide mass peaks and peptide sequences were compared with those in the Swiss Prot database. The protein identification was further verified by searching the NCBI protein database. As a result, 5 proteins with upregulated oxidative levels were identified successfully. They were the T-complex protein 1 subunit α, isoform A of prelamin-A/C, cofilin-1, peroxiredoxin-4 and actin (Fig. 4 and Table I ).
Discussion
Endothelial progenitor cells (EPCs) have been proven to play an important role in neovascularization and to be biomarkers for cardiovascular disease risk (3, 22) . Impaired function of EPCs is related to endothelial dysfunction (23) . Some studies have indicated that EPCs are involved in repair of damaged endothelium and attenuate the development of atherosclerosis (24) (25) (26) . Several pathological conditions, including hypertension, diabetes, and atherosclerosis, can impair the endothelial cell by oxidative stress (27) . EPCs are exposed to the oxidative stress during the process of repairing endothelial cells. In the present oxidative stress model, we demonstrated that H 2 O 2 treatment led to a decreased proliferation and increased apoptosis of ECFCs in a dose-dependent manner, which is consistent with results of a previous study (17) . In addition the capability of forming tubules by ECFCs was impaired due to oxidative stress. Five proteins with upregulated oxidative levels were identified successfully. Based on this, we applied a novel proteomics analysis of oxidative modification to investigate alterations in oxidative levels of proteins associated with H 2 O 2 -induced morphologic changes in ECFCs. To the best of our knowledge, this is the first proteomics analysis of oxidative modification for H 2 O 2 -induced ECFCs. Our results may provide novel insight into the proteinic mechanisms of oxidative stress on ECFCs.
Molecular chaperones are a group of proteins that assist in the folding and assembly of other proteins. Many of them work by recognizing misfolded or partially folded proteins via exposed hydrophobic regions. This provides the cell with a general mechanism for rescuing non-native proteins before irreversible aggregation occurs. Accumulation of misfolding proteins has the potential to induce cellular damage (28) . TCP-1, as the eukaryotic cytoplasmic molecular chaperone consisting of eight subunit species, is not only a uniquely complex chaperonin directly involved in actin and tubulin cytoskeletal protein folding but also required for the production of native actin and tubulin (29, 30) . Though the actin and tubulin monomers have very different native structures, they both need to interact with TCP-1 in order to reach their native states (31) .
Tube formation in vitro, can be blocked by colchicine or cytochalasin, indicating that both microfilaments and microtubules (composed of actin and tubulin, respectively) are involved in this process. One of the important steps involves the reorganization of the cytoskeleton into bundles of actin filaments oriented along the axis of the tubes located at the periphery of the cells (32) . It has been shown that actin oxidation can result in changes in cytoskeleton organization and dynamics (33) . Our data showed that oxidative levels of TCP-1 and actin were significantly increased after H 2 O 2 treatment. In addition, the tube-forming ability of ECFCs was impaired in the H 2 O 2 -treated group. Thus the oxidative modification of TCP-1 and actin may lead to the misfolding of cytoskeletal protein and changes in cytoskeleton organization. All of these factors may be responsible for the impaired tube-forming ability of ECFCs induced by oxidative stress.
Cofilin is an actin-binding protein that is considered to be a key regulator of the dynamic reorganization of the actin cytoskeleton. The binding of cofilin to actin leads to depolymerization of actin filaments. Under physiological conditions, cofilin plays an important role in the regulation of cell morphology and cytoskeletal organization (34) . When cofilin is oxidized, its conformation changes and it is no longer able to depolymerize actin filaments, though it still associates with F-actin (35) . The inability of oxidized cofilin leads to the dysregulation of actin cytoskeleton dynamics.
Apoptosis is a complex process related to mitochondrial integrity. It has been shown that cofilin is a key target of oxidation. Oxidation of cofilin causes it to dissociate from actin and translocate to the mitochondria, where it induces swelling and the release of cytochrome C. When oxidation of this single regulatory protein is prevented, apoptosis induced by oxidative stress is inhibited (36, 37) . Cofilin has been regarded as a death-inducing agent that acts on the mitochondria in oxidantinduced apoptosis. In this study, the result of proteomics analysis showed that oxidative levels of cofilin were higher in the H 2 O 2 group than in the untreated group. As discussed above, oxidation of cofilin can cause an abnormality in cytoskeleton reorganization and mitochondria. These may account in part for increased apoptosis and the impaired tube-forming ability of ECFCs induced by H 2 O 2 treatment.
The lamina is important for the integrity of the nucleus and has a central role in defining interphase nuclear organization. Defects in lamin can contribute to or directly cause human diseases (38) . Under physiological conditions, mature lamin A is produced by a series of post-translational processing steps performed on prelamin A. In vitro, accumulation of prelamin A can cause nuclear morphology defect, premature senescence and failure to repair DNA (39) (40) (41) . In vascular diseases, accumulation of prelamin A accelerates senescence in atherosclerotic plaques by interfering with DNA damage repair and mitosis (42) . Dysfunctions of vascular endothelial and smooth muscle cells were also shown to be related to prelamin A accumulation at the cellular and nuclear levels (39, 43, 44) . Under the condition of oxidative stress, downregulation of FACE1 can lead to accumulation of prelamin A potentiation which causes DNA damage, mitotic catastrophe and premature senescence (45) . In the present study, we found an increased oxidative level of prelamin A in ECFCs subjected to H 2 O 2 -induced oxidative stress. We thus speculate that accumulation of prelamin A may also occur in the increased apoptosis of ECFCs introduced by H 2 O 2 .
In eukaryotes, H 2 O 2 was generated by disulfide bond formation driven through the Ero1/PDI (protein disulfideisomerase) system in the endoplasmic reticulum (46) . Among the various peroxidases distributed in the cytosol, perox- iredoxin-4 (Prx4) is the only peroxiredoxin family protein residing in the endoplasmic reticulum (47, 48) . Prx4 plays an important role not only in peroxide defense, but also in regulating peroxide-mediated cell signaling. Spermatogenic cells were reported to be more susceptible to cell death via oxidative damage in Prx4-knockout mice (49) . Prx4 protects cells from oxidative stress by metabolizing Ero1-generated H 2 O 2 and overoxidation of Prx4 can be caused by increased Ero1 activity in cells (50) . Though Prx4 has a high reactivity with H 2 O 2 , it is susceptible to overoxidation which would result in irreversible inactivation of Prx4. In the present study, the oxidative level of Prx4 was observed to be significantly upregulated in the H 2 O 2 -treatment group, though there was base oxidation in the untreated group. The inactivation of Prx4 caused by overoxidation may partly explain the oxidative damage of ECFCs induced by H 2 O 2 .
In conclusion, this study showed that ECFCs treated by H 2 O 2 exhibited altered oxidative levels of five proteins. The upregulated oxidative levels of these five proteins may be responsible for the dysfunction of ECFCs including decreased cell proliferation, increased apoptosis and the impaired capability of forming tubules. Growing evidence indicates that oxidative stress under pathophysiologic conditions is the unifying mechanism for the development of cardiovascular diseases. ECFCs are considered to have great potential for promoting the vascular repair. So it is very important to investigate the effect of oxidative stress on ECFCs. Though, to our best knowledge, this is the first redox proteomics analysis on the oxidative levels of proteins in ECFCs treated by H 2 O 2 , research on the exact mechanisms is needed. Further research could contribute to a better understanding of vascular diseases caused by oxidative stress and may supply some useful clues or targets for clinical therapy.
